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ABSTRACT: In this study, a green and sustainable hydrometallurgical
process, based on soft acid derived from agrifood waste as a byproduct, is
used to recover molybdenum from selective spent oxidation catalysts for
formaldehyde production. Tartaric acid recovered from winery waste is
used as a leaching and chelating agent. The spent catalyst was
characterized by X-ray diffraction, scanning electron microscopy, and
inductively coupled plasma optical emission spectroscopy. The last term
was also used to study the leaching efficiency. Under optimized
conditions, a molybdenum recovery of 87.36% ± 2.94 wt % was
achieved: 1.3 M tartaric acid, 75 g/L solid−liquid ratio, and 60 min at 25
°C. Moreover, the leaching kinetics were also investigated using the
shrinking core model, which is correlated to each step of the leaching
process, including chemical reaction, product layer diffusion, and film
diffusion control. The step that exhibits the best agreement with the experimental kinetic data is considered as the rate-controlling
step. The proposed hydrometallurgical process was found to be simple, efficient, and environmentally friendly. Using agrifood
wastes, it becomes possible to process industrial waste to recover and reintegrate expensive metals for an efficient circular economy.
KEYWORDS: spent catalyst, green process, metal recovery, tartaric acid, agrifood waste, kinetic analysis

■ INTRODUCTION
Molybdenum is used in a variety of industrial and chemical
applications, including steel production, lubricants, electrical
components, and catalysts.1 Despite not being classified as a
critical raw material by the European Commission in 2023,
molybdenum can be considered potentially critical due to its
position on the threshold between noncritical raw materials
and the criticality zone, with a notably high supply risk score
(0.8).2 Half of the global molybdenum supply originates from
the treatment of molybdenite, powellite, and wulfenite ores,
while the remaining 50 percent is obtained as a byproduct
during copper smelting.3 At present, molybdenum sulfide
concentrate undergoes an initial roasting process on a global
scale, leading to its transformation into industrial molybdenum
oxide. Subsequently, soluble molybdate salt is extracted from
this oxide, which is later used for the smelting of molybdenum
metal or its alloys.4,5 The focus of this research is on a specific
catalyst based on molybdenum to produce formaldehyde,
which is an important industrial chemical used in the
manufacture of resins, adhesives, and other products. Form-
aldehyde is typically produced by the catalytic oxidation of
methanol. Molybdenum catalysts are often used in this process
due to their capability to withstand the high temperatures and
pressures required for the reaction. Additionally, they exhibit
good activity and selectivity for the production of form-

aldehyde.6,7 The formaldehyde market is expected to witness
significant growth in the foreseeable future because of various
factors such as increasing industrial applications and expanding
end-use industries. In Europe it is expected to reach 13.1
million metric tons by 2027.8 It is important to focus on these
numbers because the production of formaldehyde is propor-
tional to the generation of the spent catalyst. As formaldehyde
production increases, a significantly huge proportion of catalyst
will be discarded. So, it is crucial and useful to recover the
main metal within it. Several hydro- and pyrometallurgical
techniques have been proposed to recover molybdenum
catalysts.9 However, the use of pyrometallurgy processes is
somehow restricted to higher energy expenses, secondary
environmental impacts like waste gas emissions, and the
production of less valuable products like polymetallic alloy.10

Conversely, hydrometallurgical process approaches are favored
for their notable benefits such as reduced energy consumption
and lower treatment costs compared to pyrometallurgy.10,11
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Hydrometallurgical processes facilitate the transformation,
migration, and enrichment of valuable metals through
techniques like low-temperature roasting, strong inorganic or
alkali leaching, chemical precipitation, solvent extraction, and
ion exchange.10 However, the main processes use high
temperature and strong acids (e.g., H2SO4, HNO3) and
bases (e.g., NaOH).12 To the best of our knowledge, no
literature is available regarding the recovery of molybdenum
from this type of catalyst, which is extensively utilized in the
industry. The recovery of any type of raw material, mainly
material with a high supply risk score,2 is essential for various
reasons. Environmentally traditional metal extraction methods,
such as open-pit mining, can cause significant damage to the
environment and surrounding ecosystems.13 Thus, the
recovery process through recycling or other more sustainable
methods can reduce the environmental impact of metal
production. Additionally, metal recovery requires less energy
compared to extracting metals from ore, leading to lower
energy consumption and carbon emissions.14 The Global
molybdenum reserve base in 2022 was 12000000 mt, with
distribution predominantly from Chile, Peru, U.S.A., and
China.4 This critical aspect in the supply chain stability and
recovering metals from existing sources can help to ensure a
stable supply of metals by reducing reliance on a sole ore
source (International Molybdenum Association reported that
global molybdenum extracted in 2022 was 286440 tonnes from
mine production only and does not include material recovered
from spent catalysts).15

In this work, a green and sustainable hydrometallurgical
process is developed to recover molybdenum from a spent
oxidation catalyst based on tartaric acid. It is a diprotic acid
that is found in many plants, particularly in grapes and
tamarinds. It has the chemical formula C4H6O6, and it is used
in a variety of applications, including food and beverage
production, pharmaceuticals, and chemical manufacturing.16 It
is an effective leaching agent for metal extraction because of its
ability to form complexes with metal ions.17 In this study, the
recovery was carried out from agrifood waste, specifically from
wine lees produced as waste from Italian wineries.18,19

According to an estimate provided by the International
Organisation of Vine and Wine (OIV), in 2014, 44.4 Mhl of
wine were produced in Italy, resulting in 8 million quintals of
marc, including grape seeds (equivalent to 15% of grapes
vinified), and 2250000 hectolitres of lees (equivalent to 5% of
wine produced).20 It is evident that in regions or countries
with high wine production, such as Italy, a process that
involves the recovery of tartaric acid from winery waste to
leach industrial waste becomes feasible. Thus, agrifood waste
can be repurposed to treat industrial waste, facilitating the
retrieval and reintegration of valuable metal compounds. This
practice contributes to the advancement of an effective circular
economy where the waste of one process becomes the raw
material for another. The goal is to prolong the utilization of
resources, extracting their utmost value before they are
reclaimed and regenerated.

■ EXPERIMENTAL SECTION
Materials. Samples of spent catalyst waste were collected from

Orim S.p.A., a solid waste recycling company in Marche (Italy). The
reagents and chemicals, i.e., nitric acid (69% Hiperpur), and
hydrochloric acid (37% puriss) were purchased from PanReac
AppliChem and Sigma-Aldrich, respectively, and used as received.
Tartaric acid used in this study was sourced from an industry that

recycles wine lees to recover the acid (Distillerie Mazzari S.p.A.) and
was used as received. Deionized water was used in the leaching
process and to prepare solutions for the analysis.
Characterization Techniques. The concentration of iron and

molybdenum in the digested and leach liquors was analyzed using
Thermo Scientific iCAP PRO ICP-OES (inductively coupled plasma-
optical emission spectrometry). The spent catalyst powder was
characterized through XRD (powder X-ray diffraction) using an X
Philips PW 1830 generator powder diffractometer employing Cu−Kα
radiation with wavelength, λ = 1.5418 Å. Phase identification was
made with QUALX2.0.21,22 A SEM-EDX, Zeiss Sigma 300 (scanning
electron microscopy-energy-dispersive X-ray) instrument was used to
study surface morphologies of the spent catalyst and to validate the
use of the kinetic model. Microanalysis (C, H, O, N), FT-IR, and
TGA-DTA analysis (PerkinElmer STA 6000) were carried out to
analyze the presence of humidity and/or organic compounds.
General Procedure. Aqua regia was used to dissolve the samples

to measure the total amount of the metals. Specifically, three tests
were conducted with the heating plate set at 350 °C. A condenser was
used to avoid the evaporation of water. Consequently, the total metal
content was calculated as an average of the three trials. For the
leaching experiments, a 25 mL round-bottom flask was placed on a
magnetic stirrer set at a speed of 300 rpm. The temperature was fixed
at 25 or 80 °C (depending on the experiments), and a condenser was
used to prevent an increase in tartaric acid concentration. Once the
reaction was completed, the solution was filtered and adjusted to the
desired volume in a volumetric flask. The metal content of the
resulting solution was then measured through ICP-OES. After
measuring the metal concentration, the leaching efficiency (LE) of
each metal was calculated using eq 1:

M V
LE

DF
wt%

100= [ ] × × ×
(1)

where M, V, DF, and wt % are the metal concentrations in leach
liquor, the volume of leach liquor, the dilution factor for the ICP-OES
analysis, and the mass fraction of metal in spent catalyst powder,
respectively. For the ICP-OES analysis (axial mode), calibration
curves were created using a series of known concentrations with
increasing values (0.001 0.01, 0.1, 1, and 10 ppm) of molybdenum
and iron. The coefficient of determination (R2), which represents the
goodness of fit of the calibration curve, was required to be greater
than 0.990. The relative standard error (RSE), which indicates the
precision of the measurements, was kept below 20%. Tartaric acid
solution (used as blank in each ICP-OES session) was analyzed by
ICP-OES, resulting with a below LOD concentration of iron and
molybdenum. The purity of the acid is equal to 99.90%.

■ RESULTS AND DISCUSSION
Characterization of the Spent Catalyst Powder. Figure

1 shows the XRD pattern of the spent catalyst powder. It
exhibits a large amount of amorphous phases and, mainly, the
presence of Fe2(MoO4)3 and MoO3. Commercially available
iron molybdate catalysts always contained Fe2(MoO4)3 and
MoO3.

6,7 Knowing the crystalline phases present within the
catalyst is crucial for understanding the reaction mechanism of
tartaric acid during the leaching process and evaluating the
acid’s capability to dissolve metals that are present in specific
crystalline phases.
The QualX software identified nonindexed peaks as organic

compounds. The focus of this study is not on identifying the
specific organic compounds but rather on confirming their
presence. For this reason, detailed information regarding their
identification is provided in the SM, where various analyses
such as elemental microanalysis (Figure S1), FTIR (Figures S2
and S3), TGA/DTA (Figure S4), and XRD (Figure S5) were
conducted. The SEM images in Figure 2 reveal the presence of
iron and molybdenum and demonstrate a correlation between
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the sites of the two metals. The presence of the Fe2(MoO4)3
phase and the remaining amount of molybdenum oxide can be
confirmed by the ratio of iron to molybdenum in the phase, as
confirmed in the SEM-EDX analysis in Table 1.
In this study, SEM analysis was also performed to assess the

applicability of the shrinking core model (SCM) and to
validate its assumptions, as it relies on the particles maintaining
their size and integrity throughout the leaching process.23

Figure 3 represents SEM images of the spent catalyst powder
before the leaching process and the residue remaining after
leaching experiments. The images revealed that there is no
significant alteration in the particle distribution between the
preleaching state (Figure 3a) and the postleaching residue
(Figure 3b). Additionally, both images demonstrated the
presence of some agglomerates in both cases. These
observations suggested that the leaching process did not
cause substantial changes in the particle distribution, and it was
possible to apply the SCM.

The total metal content in the spent catalyst was determined
through ICP-OES. It measured 58.01 ± 2.71 wt %
molybdenum and 13.81 ± 0.54 wt % iron content. All the
other metals are below the LOD of the technique, except for
aluminum and copper, which account for only 0.5% and 0.03%,
respectively, relative to the sum of molybdenum and iron.
Leaching Process and Mechanism. In the leaching

process and mechanism, the following factors were inves-
tigated: concentration of tartaric acid (0.1−2.5 M), solid−
liquid ratio (33−200 g/L), temperature (25−80 °C), and time
reaction (1−110 min). Figure 4 showed a graph with the
independent variables (solid−liquid ratio, reaction time, and
molarity) on the x, y, and z axes at 25 °C. The dependent
variable is represented by a color map based on the percentage
of molybdenum extracted.
Tartaric acid contains two carboxyl groups in one molecule.

Its dissociation reactions (eqs 2 and 4) can be represented as

H C H O H O H O HC H O2 4 4 6 2 3 4 4 6V+ ++
(2)

HC H O H O H O C C H O4 4 6 2 3 4 4 4 6
2V+ ++

(3)

The pKa values of tartaric acid are pKa1 = 2.72 and pKa2 = 4.79
calculated by MarvinSketch made by Chemaxon. Theoretically,
the leaching products can contain Fe3+, Mo6+, or MoO4−
derived from Fe2(MoO4)3 and MoO3 (see Figure 1).

Figure 1. XRD pattern of the spent molybdenum catalyst.

Figure 2. SEM images of spent catalyst powder (a) without EDX map, (b) molybdenum EDX map, (c) iron EDX map, and (d) oxygen EDX map.
Magnification 2000× and bar = 20 μm.

Table 1. EDX Analysis of the Spent Catalyst Powder

element atom (%) rel. error (%)

oxygen 82.79 5.12
aluminum 0.44 4.64
calcium 0.06 10.25
iron 5.03 1.40
copper 0.20 4.95
molybdenum 11.48 2.00
sum 100.00
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Moreover, MoO3 can react with water, lowering the pH of the
leachate (eqs 4 and 5).24

MoO H O H MoO3 2 2 4V+ (4)

H MoO 2H O MoO 2H O2 4 2 4
2

3V+ + +
(5)

The leaching process can be understood as a complexation-
chelation phenomenon, where the tartaric acid molecules
surround and bind to the molybdenum and iron ions, forming
a complex compound. Several works have shown the system to
be complex and that the nature of species in solution depends
upon several factors including pH, temperature, total
concentrations, and the M:L ratio, where M are Fe3+, Mo6+,
or MoO4− species.

25−29

Influence of Various Factors on the Leaching Process.
To examine the effect of tartaric acid concentration on
molybdenum leaching efficiency, experiments were carried out
with variations in tartaric acid molarity of 0.1, 0.7, 1.3, 2.0, and
2.5 M (Figure 5a). The other experimental conditions, i.e.,
solid−liquid ratio (75 g/L), temperature (25 °C), and reaction
time (60 min) were kept constant throughout the experiment.
The recovery of molybdenum increased significantly from
12.06 ± 3.68% at 0.1 M to 87.36 ± 2.94% with tartaric acid
molarity of 1.3 M. This phenomenon can be explained by the
fact that a higher concentration of tartaric acid leads to
enhance the collision frequency among reactants, consequently

accelerating the reaction rate.19 Figure 5b shows the effect of
the solid−liquid ratio (g/L) on the leaching process. It can be
seen that increasing the solid−liquid ratio has a negative effect
on the leaching efficiency. This trend is associated with the
reduction of the available surface area per unit volume of the
solution, which occurs as the solid−liquid ratio increases.30
The amount of spent catalyst powder was varied from 30 to
200 g/L. In this experiment, all other conditions, such as
molarity (1.3 M), temperature (T = 25 °C), and reaction time
(60 min), were kept constant. The leaching efficiency
decreases from 87.20 ± 1.46% to 76.87 ± 1.61%, with the
increase in pulp density from 30 to 200 g/L, respectively. The
process was optimized to include a solid−liquid ratio of 75 g/
L, which resulted in a recovery rate of molybdenum equal to
87.36 ± 2.94%. This value was chosen because it is beneficial
in an industrial setting, leading to a lower water consumption, a
smaller reactor size, and a smaller solid−liquid separation
system. This ultimately reduces the capital and operating
expenses of the process. As shown in Figure 5c, the impact of
the reaction time on the leaching efficiency of molybdenum
was studied under the following conditions: solid−liquid ratio
of 75 g/L, temperature of 25 °C, and molarity of 1.3 M. The
leaching efficiency of molybdenum was found to increase with
the reaction time. Further increasing the reaction time to 110
min resulted in a plateau in leaching efficiency. Thus, 60 min
was established as the optimal reaction time for leaching of
Mo. A temperature range of 25 to 80 °C was examined (Figure
5d), with a solid−liquid ratio of 75 g/L and a tartaric acid
concentration of 1.3 M, over a 1 h leaching duration to
evaluate the impact on the leaching efficiency of molybdenum.
Based on the observations in Figure 5d, the recovery of
molybdenum shows an insignificant increase from 87.36 ±
2.94% at 25 °C to 90.91 ± 2.90% at 60 °C. Considering cost
efficiency in industrial applications, it is preferable to operate at
low and room temperature. In this way, energy consumption
and associated costs can be reduced, making the process more
economically viable. Therefore, for these reasons, the optimal
condition was determined to be at room temperature.
Generally, higher temperatures promote the leaching reaction
because, typically, metal leaching involves an endothermic
process.19 In this case, as can be seen, temperature does not
play a significant role in molybdenum extraction.
Black lines represent iron leaching, showing a trend parallel

to the molybdenum trend. Thus, tartaric acid is not selective
for the molybdenum leaching over iron, and we can observe

Figure 3. SEM images of the spent catalyst powder (a) before leaching and (b) after leaching; magnification 20.0k× and bar = 1 μm).

Figure 4. Leaching efficiency of the process (% Mo).
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the same atom ratio (Mo/Fe) in the spent catalyst and in the
leachate in the optimized condition.
A series of tests were conducted to recover molybdenum

from the solution. To extract molybdenum from the tartrate
complexes, an initial attempt was made to precipitate the acid
as calcium tartrate at pH 7. Calcium chloride (CaCl2) was
selected for this purpose due to its cost-effectiveness, high
solubility, and its ability to precipitate as calcium carbonate
(CaCO3) when exposed to CO2, thus obtaining tartaric acid.

31

This approach would contribute to the reduction of harmful
emissions into the environment. To the best of our knowledge,
no literature is available on the reuse of tartaric acid after the
leaching process. Consequently, molybdenum precipitation
can be performed using the conventional method: addition of
NH4Cl, acidification with HCl to achieve pH 2, and heating to
90 °C. This temperature facilitates the formation of
precipitates of ammonium molybdate.5

Kinetics and Determination of the Rate-Controlling
Step. To investigate the kinetics of leaching, a test was
conducted using the optimized conditions for molybdenum
recovery. The test aimed to analyze the rate at which leaching

occurred within the specified time frame. The shrinking core
model is the most commonly used model for describing the
kinetics in leaching processes.32 The shrinking core model
employed in this work accounts for consecutive steps in the
leaching process, including the diffusion of the reagent through
a liquid film surrounding the particles, the diffusion through a
solid product layer surrounding the particles, and the
dissolution reaction taking place on the surface of the
unreacted core, leading to metal mobilization. For each step,
there are corresponding kinetic equations (eqs 6−8) that
describe the rate of the process. The equation that best fits the
experimental data is considered to be the rate-controlling
step.23

Film diffusion control:

t X (6)

Product layer diffusion control:

t X X1 3(1 ) 2(1 )2/3 + (7)

Chemical reaction control:

Figure 5. Synoptic graph that shows the effects of each factor on the leaching efficiency: (a) molarity of the tartaric acid, (b) solid−liquid ratio, (c)
reaction time, and (d) temperature. In black and blue, respectively, are the iron and molybdenum leaching trends under the same conditions. The
error bars indicate the analytical error associated with the leaching process.

Figure 6. Right side (RS) of rate-controlling equations as a function of time at optimum conditions: (a) eqs 6−8, (b) eqs 6−8 (step 1), (c) eqs
9−11 (step 2).
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t X1 (1 )1/3 (8)

where t is the reaction time and X is the fraction of leached
metal. The kinetic data obtained from the different mechanism
equations (eqs 6−8) are presented in Figure 6a. The plot
clearly indicates a change in slope at approximately 5 min for
each equation, suggesting a shift in the leaching mechanism at
this point. Therefore, the kinetic data needs to be analyzed in
two steps. In the first step, encompassing the initial 5 min, eqs
6−8 were utilized, and the corresponding kinetic plots are
displayed in Figure 6b. The plot demonstrates that the
chemical reaction control equation exhibits the highest R2
value, indicating its dominance at this stage. The value of the
rate constant for chemical control kinetics up to 5 min is 0.06
min−1. However, it is worth noting that film and product layer
diffusion processes also occur concurrently to some extent. To
explore the kinetics of the second step, which begins at 5 min
and onward, a new set of equations derived by Aarabi-
Karasgani et al. are employed.33 Equations 9−11 are the
equations for film diffusion, product layer diffusion, and
chemical reaction control, respectively. These equations
capture the behavior of the leaching process beyond the initial
5 min period:

X X X1 (9)

t t X X X X3 (1 ) (1 ) 2( )1 1
2/3 2/3

1[ ]
(10)

t t X X(1 ) (1 )1 1
1/3 1/3= (11)

where X is the fraction of leached metal in the second stage, t1
is the time at which the second stage is started, and X1 is the
fraction of leached material at time t1. R2 values observed in
Figure 6c are very close to each other for liquid film, product
layer diffusion, and chemical control. Therefore, kinetics is
probably governed by a mixed control mechanism.32,34 For this
reason, the rate constant was calculated as an average of each
mechanism with a value of 0.018 min−1.

■ CONCLUSIONS
A simple, efficient, and sustainable process was developed to
recover molybdenum from a specific spent catalyst. Tartaric
acid is sourced from winery waste and employed in the
leaching of the spent molybdenum catalyst. This approach
allows for the recovery of secondary raw materials from
industrial solid waste by utilizing another material generated by
the winery industry. Furthermore, when tartaric acid is
compared to inorganic acids, it has a lower environmental
impact. The use of organic acids, as tested in this work, allows
for the efficient extraction of molybdenum. The latter
eliminates the need for hard acids or bases, which can be
hazardous to both the process and the operators. Furthermore,
the use of organic acids derived from agrifood waste not only
reduces waste production, but also makes it possible to recover
the valuable metal of molybdenum. The reproducibility of the
developed process was studied, and the results indicated a
molybdenum recovery rate of 87.36% ± 2.94 under the
optimal conditions previously determined: 1.3 M of tartaric
acid, 75 g/L of solid−liquid ratio, a reaction time of 60 min,
and a temperature of 25 °C. The SCM demonstrated a good fit
with the experimental data, allowing for the determination of
the rate constant for the leaching process. It was possible to
accurately describe the kinetics of the process and extract

meaningful information about the rate at which the desired
reaction occurs. From an economic standpoint, evaluating the
market price of tartaric acid in comparison to the commonly
used inorganic acid in hydrometallurgy (e.g., H2SO4), the
developed process using tartaric acid would be more expensive.
Nevertheless, if tartaric acid is sourced from agrifood waste and
integrated into a circular economy, this would significantly
lower the cost and render the process more economically
viable.
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